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ABSTRACT
This paper presents the details of full scale fire tests of LSF wall panels conducted using
realistic fire time-temperature curves. Tests included eight LSF wall specimens of
various configurations exposed to both parametric design and natural fire curves. Details
of the fire test set-up, test procedure and the results including the measured time-
temperature and deformation curves of LSF wall panels are presented along with wall
stud failure modes and times. This paper also compares the structural and thermal
behavioural characteristics of LSF wall studs with those based on the standard time-
temperature curve. Finally, the stud failure times and temperatures are summarized for
both standard and realistic design fire curves. This study provides the necessary test data
to validate the numerical models of LSF wall panels and to undertake a detailed study
into the structural and thermal performance of LSF wall panels exposed to realistic
design fire curves.
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1. INTRODUCTION
In recent times, LSF wall systems are extensively used in residential, industrial and commercial
buildings as primary load bearing components. Although they are used widely, their behaviour in real
fires is not fully understood, especially in relation to fire resistance. Fire resistance of LSF walls has
been traditionally determined using the standard fire test specified in ISO 834 [1]. Fire Resistance
Rating (FRR) should be adequate in a fire event for safe evacuation, fire service intervention and rescue
activities. Recent research [2-4] has shown that actual FRR of building elements exposed to real
building fires is significantly less than that obtained from standard fire tests. Time-temperature curves
used in fire tests should closely simulate the potential fires in modern buildings. However, the standard
time- temperature curve [1] does not meet this requirement. Many researchers [2-4] have shown that
the maximum temperature in a natural fire exceeded that in the standard ISO curve [1] within a short
period from ignition. Standard fire tests will give good comparative results for building components
tested under identical conditions and also valuable basic fire data, but do not provide accurate FRR for
buildings with a high fire severity. This research was therefore aimed at studying the structural and
thermal behaviour of load bearing LSF wall systems under real fire conditions in modern buildings. In
a real fire, the growth, fully developed burning and decay phases depend on the total fuel load in the
room, fuel type and configuration, ventilation openings and thermal properties of compartment lining
materials. Using appropriate values of these important parameters above, suitable realistic design time-
temperature profiles were developed by Ariyanayagam and Mahendran [5] based on Eurocode 1 Part
1.2 [6] parametric curve and Barnett’s ‘BFD’ [7] curve. These time- temperature curves representing
both rapid and prolonged fires were used in this experimental study.
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Table 1. Gunalan et al.s fire tests [8] using standard fire curve [1]
Insulation Load ratio Failure
Test LSF wall configuration type time (mins)
Single layer of plasterboard
K1 - 0.2 53
Double layers of plasterboard
K2 - 0.2 111
K3 Cavity insulated panel Glass Fibre 0.2 101
K4 Rock Fibre 0.2 107
K5 Cellulose Fibre 0.2 110
Externally insulated panel
K6 Rock Fibre 0.2 136
K7 Cellulose Fibre 0.2 124
G1 Externally insulated panel Glass Fibre 0.2 118
G2 Glass Fibre 0.4 108
G3 Rock Fibre 0.4 134
Note: Tests K1 – K7: conducted by Kolarkar [8]; Tests G1 – G3: conducted by Gunalan [8]
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Figure 1. Test wall configurations – cross sectional view. continued over
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Table 2. Test wall configurations and fire curves
LSF Wall Insulation
Test Configuration Fire Curve Type Load Ratio
Double layers of 
plasterboard
1 LSF1 EU-2(0.03)-Comp A - 0.2
2 LSF2 BFD-2(0.03)-Comp A - 0.2
Single layer of 
plasterboard
3 LSF3 EU-1(0.08)-Comp A - 0.2
4 LSF4 BFD-1(0.08)-Comp A - 0.2
Externally insulated 
5 LSF5 panel BFD-2(0.03)-Comp B Rock Fibre 0.4
6 LSF6 EU-2(0.03)-Comp B Rock Fibre 0.4
Note: EU & BFD – Eurocode parametric and Barnett’s fire curves; 1 & 2 – Rapid and Prolonged fires with ventilation factors of
0.03 and 0.08 (m1/2); Comp A and Comp B – Fire compartments, where Comp A walls and ceiling LSF panels lined with gypsum
plasterboards and concrete floor (Tests LSF1 to LSF4), and Comp B walls and ceiling LSF panels were externally insulated with
rock fibre insulation and concrete floor (Tests LSF5 and LSF6).
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Figure 1. Continued
Single and double layers of gypsum plasterboard lined walls with and without insulations were
considered. Insulated wall panels were either cavity insulated or externally insulated, i.e. insulation layer
sandwiched between two plasterboards. Gunalan et al. [8] conducted 10 full scale standard fire tests of
single and double layers of plasterboard lined LSF walls with external and cavity insulations made of
rock fibre, glass fibre or cellulose fibre (Table 1). Their results demonstrated the superior performance
of externally insulated LSF wall panels over cavity insulated panels. Cavity insulated wall panels
comprising glass fibre, rock fibre and cellulose fibre insulations failed after 101, 107 and 
110 minutes, respectively for a load ratio of 0.2 whereas externally insulated sandwich panels failed after
118, 136 and 124 minutes, i.e. nearly 20% increase in FRR when compared with conventional cavity
insulated panels. Also Gunalan et al.’s [8] externally insulated LSF wall panels with a higher load ratio
of 0.4 failed after 108 and 134 minutes for glass fibre and rock fibre external insulations, respectively.
In terms of fire resistance, rock fibre insulation outperformed glass fibre and cellulose fibre insulations
in the standard fire tests. Therefore single and double layers of plasterboard lined walls, and externally
insulated LSF wall panels with rock fibre insulation were selected in this study (Table 2). Figures 1(a)
to (c) show the cross sectional views of LSF wall panel configurations used in this study.
Initially six fire tests were scheduled as shown in Table 2 for three different LSF wall configurations.
Test LSF3 was repeated twice with some variations related to plasterboard attachments giving a total
of eight fire tests. LSF wall components such as plasterboards, insulations, steel studs and tracks were
the same as in Gunalan et al.’s [8] standard fire tests. This paper presents the results of these eight full
scale fire tests of load bearing LSF walls under realistic fires. It also includes a summary of developed
realistic fire curves [5] based on Eurocode parametric [6] and Barnett’s ‘BFD’ curves [7]. Details of the
fire tests and the results including the measured time-temperature and deformation curves are presented
with wall stud failure modes and times. The results are also compared with standard fire test results [8].
2. REALISTIC DESIGN FIRES
Fire behaviour prediction models representing the behaviour of a fire are of two types; pre- flashover
and post-flashover models. Post-flashover models are important in the analysis and design of building
fire safety systems whereas pre-flashover fires mainly focus on the life safety of building occupants,
especially, toxic gas production and fire spread. Several equations and computer models have been
developed by researchers [7, 9-14] to simulate the post-flashover time-temperature curves. Fire profiles
were obtained and validated for different types of fuels and ventilation conditions. However, most fire
profile equations have limitations and limited range of applications, and need extensive calculations to
derive such profiles. Further the standard fire curve is unlikely to represent real building fires and the
design fires have to be determined based on fuel load, ventilation openings and thermal properties of
wall lining materials in a compartment.
Fuel loads in residential buildings depend on the geographic location, home construction and
furnishing styles. Also they vary within a building depending on the room usage. The changes in the
fashion trends and materials used for furnishing have resulted in significant differences in the
composition of fuel load densities in modern buildings. However for design purposes the worst case
fire scenario should be selected, which reflects the actual fire profile in modern buildings. Therefore an
average value of 780 MJ/m2 was selected from Eurocode 1 Part 1.2 [6] that is close to Bwalya et al.’s
[15] recent fire load survey results (807 MJ/m2) obtained for Canadian residential buildings. Hence the
design fuel load density was determined as 1268 MJ/m2 by incorporating the design actions while two
opening factors, 0.08 and 0.03 m1/2 were chosen to represent rapid and prolonged fires. The boundary
of enclosure materials for this research was chosen to be light steel frame partition walls and ceiling,
and concrete floor slab to represent a typical single storey residential dwelling. Accordingly the
corresponding thermal inertia values of the compartments were determined. Details of the development
of these realistic design fire curves are given in Ariyanayagam and Mahendran [5]. Figure 2 shows
these fire curves developed using Eurocode parametric [6] and Barnett’s ‘BFD’ [7] curves for use in
this experimental study.
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3. TEST SPECIMENS AND SET-UP
3.1. LSF Wall Components
Test program consisted of fire tests of eight LSF wall panels of 2400 mm width and 2400 mm height.
LSF wall panels consisted of four cold-formed steel lipped channel sections (90 ¥ 40 ¥ 15 ¥ 1.15 mm)
spaced at 600 mm centres and top and bottom tracks made of unlipped channel sections (92 ¥ 50 ¥ 1.15
mm). They were fabricated from 1.15 mm G500 galvanized steel sheets with a minimum yield strength
of 500 MPa. Tensile coupon tests showed that this steel had a yield strength of 612 MPa and a modulus
of elasticity of 210,260 MPa at ambient temperature (20°C).
Boral Plasterboard’s 16 mm thickness Firestop(R) gypsum plasterboards with recessed edges and a
density of 13 kg/m2 were used as the lining material in all the wall specimens. They were manufactured
to AS/NZS 2588 [16] with standard dimensions of 1200 mm by 2400 mm. The 25 mm thick non-
combustible ROXUL® Stonewool MPS400 rock fibre insulation of 1200mm ¥ 600 mm dimensions and
density 100 kg/m2 was used as the insulation material.
3.2. Construction of Test Specimens
LSF wall frames consist of four studs at 600 mm spacings and two tracks. As shown in Figure 3, the
studs were inserted inside the tracks, and their flanges were screwed together using D-Type 16 mm long
flat head self drilling screws. They were then lined with gypsum plasterboards on both sides by fixing
them to stud flanges using 25 mm long screws. Additional care was taken when fastening the screws to
studs next to the plasterboard joint.
3.2.1. Test Specimens LSF1 and LSF2
Test specimens LSF1 and LSF2 were lined with two layers of 16 mm plasterboards on either side of the
studs. The first (base) layer of plasterboard consisted of three pieces: 150 ¥ 2400 mm, 1200 ¥ 2400 mm
and 750 ¥ 2400 mm to accommodate two vertical joints on Studs 1 and 3 on the fire side and on Studs
2 and 4 on the ambient side of LSF panel (Figure 1(b)). The second (face) layer had two equal pieces
of 2100 ¥ 1200 mm, fixed at mid-height (1200 mm). The base plasterboard layers (Pb2 and Pb3) were
installed vertically on both sides of the LSF frame while the face layers (Pb1 and Pb4) were installed
horizontally.
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Figure 2. Realistic design fire time-temperature curves used in fire tests.
The first and second layers of plasterboards were attached to the studs by 25 mm and 45 mm long D-
Type screws, respectively. The base plasterboard layer was screwed at 300 mm spacings along the stud and
at 200 mm staggered spacings along the plasterboard joint as shown in Figures 3(b) and (c). The base layers
had two vertical joints over the studs while the face layers had one horizontal joint over the studs, i.e. face
layer plasterboard joint was perpendicular to the base layer plasterboard joint and the screw spacing near
this joint was 300 mm. At the vertical plasterboard joints, an edge distance of 10 to 15 mm was maintained
between the screw and the plasterboard recessed edge to protect the screw from shearing. Plasterboard
joints were protected with two coats of joint filler (BaseCoat 90) and with a 50 mm wide paper based tape
sandwiched between two coats of filler material. The recessed plasterboard edge was filled with two nearly
equal thickness joint filler coats and finished to the top level of the plasterboard (Figure 3(d)).
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Figure 3. Construction of test wall panels. Continued over
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3.2.2. Test Specimens LSF3 and LSF4
Test specimens LSF3 and LSF4 were constructed similar to Specimens LSF1 and LSF2, but were lined
with only a single 16 mm plasterboard layer. Locations of vertical plasterboard joints (Figure 1(a)) and
screw fastening arrangements were identical to those in test panels LSF1 and LSF2.
3.2.3. Test Specimens LSF5 and LSF6
Test specimens LSF5 and LSF6 were lined with an insulation sandwiched between two layers of
gypsum plasterboard on either side of the frame. A 25 mm thick rock fibre insulation was placed
between two 16 mm plasterboards as shown in Figure 1(c). In constructing the wall panel, the fire side
base layer plasterboard was first fixed to the frame as for the previous panels. A rock fibre insulation
mat (600 ¥ 1200 mm) was then placed between the plasterboards and screwed to the base layer using
10 mm diameter guard washers and 45 mm long screws (Figure 3(e)). The face layer plasterboard was
then fixed to the frame using 75 mm long S-Type screws at 300 mm spacing by penetrating the stud
flanges. The panel was then turned over and ambient side linings were fixed using the same method.
3.3. Loading Arrangement
Tests were conducted in a specially designed test rig, shown in Figure 4, where a load was applied to
each of the four steel studs of LSF wall panel from the bottom. The loading frame consisted of two
universal columns bolted to the strong floor, and a universal beam and a rectangular hollow section
(RHS) at the top and bottom levels of the furnace that were connected to the universal columns.
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Another universal beam was placed on the strong floor and four hydraulic rams were positioned on top
of it at a spacing of 600 mm, so that they were directly under the LSF wall studs. The rams were guided
through the sleeves in the RHS (Figure 4). The sleeves in RHS were about 15 mm wider than the shaft
diameter to account for any movement and for the ease of lining the studs with the shaft. Test panel was
placed in the loading frame with the bottom track resting on loading plates, and the top track was
clamped to the loading frame. It was placed such that the centroids of studs aligned with those of the
loading plates and hydraulic rams. The required axial compression load was applied to the studs by four
rams connected to a single pump via the loading plates. A pressure transducer connected to the pump
recorded the applied load.
3.4. Locations of Displacement Transducers and Thermocouples
The axial deformations and lateral (out-of-plane) deflections of studs were measured using calibrated
Displacement Transducers (DT). Four displacement transducers located under the loading plates were
used to measure the axial deformations of studs. Ten DTs were also placed at three levels along the stud
height (0.25H, 0.50H and 0.75H) to measure the stud lateral deflections at these points, where ‘H’ is the
wall panel height (2400mm). Four DTs were located at mid-height while two DTs were at other heights.
Type-K cable thermocouples were used to measure the temperatures. The stud and plasterboard
surface temperatures were measured at three heights; 0.25H, 0.50H and 0.75H along the stud. At
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Figure 4. Fire test set-up.
each height thermocouple wires were connected to the hot and cold flanges and web elements of
studs (Figure 5). A total of 24 thermocouples (TC) was installed at eight locations in groups of three.
As for the studs, thermocouple wires were also located on the plasterboard and insulation surfaces at
quarter heights. Figure 5 show the thermocouple locations along and across the wall specimens.
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Figure 5. Thermocouple locations and fixings to steel frame and plasterboard lining surfaces.
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Figure 6. Test LSF1 results. Continued over
3.5. Fire Test Method
Test wall panel was placed within the loading frame in front of a propane gas fired furnace with ceramic
fibre insulation lined steel walls (Figure 4). The pre-determined axial compression load was then
applied to each stud. For Tests LSF1 to LSF4 the load ratio was 0.2, and hence this load was 15 kN per
stud, calculated as 0.2 times the stud ultimate capacity at ambient temperature [8]. For Tests LSF5 and
LSF6, it was 30 kN per stud to give a load ratio of 0.4. Following the application of load, air and gas
mixture proportions were adjusted to achieve the required target time-temperature curves for each test
(Figure 2 and Table 2).
4. TEST OBSERVATIONS AND RESULTS
4.1. Test Specimen LSF1 – Double Layers of Gypsum Plasterboard
4.1.1. Observations and Specimen Behaviour
The target fire curve for Specimen LSF1 was a Eurocode parametric prolonged fire, EU2
(0.03)–Comp A shown in Figure 2. However, the furnace temperatures were seen approximately 60°C
less than the target furnace temperatures for 95 minutes during the fire growth phase (Figure 6(a)).
But beyond that they converged well with the target temperatures even in the decay phase. Although
the furnace temperature started to deviate after 178 minutes and was about 50°C higher than the target
temperature, the decay phase followed the target fire curve reasonably well. Due to the temperature
difference in the growth phase, the average furnace temperature curve agreed closely with the standard
fire curve [1] until 95 minutes.
After 5 minutes, smoke and water drops were visible in the top of the specimen for 10 minutes.
Smoke was visible after 35 minutes at the bottom, gradually increased to form a thick layer by 
42 minutes and was seen until 60 minutes. Smoke was also seen at the top and bottom of specimen
between 78 and 88 minutes. Test specimen was observed to expand thermally until 140 minutes and
then started to contract due to the rapidly decreasing furnace temperature in the decay phase. This
showed that the studs were regaining their strength and the chance of any stud failing structurally was
impossible.
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The wall specimen was bending towards the furnace, but after 100 minutes it reversed its
direction. The wall specimen initially bend towards the hot side due to thermal bowing as a result
of non-uniform temperature distribution across the specimen. But with time it reversed the direction
due to neutral axis shift as result of loss of stiffness and eccentric loading created by the thermal
bowing. Figures 6(a) to (d) show the measured time-temperature curves of plasterboard and stud
surfaces, and the axial deformations and lateral deflections of all four studs during the test. Test
specimen did not show any sign of failure (Figure 7) until the furnace was turned off after 180
minutes. Visual inspection of specimen LSF1 after the test revealed that the fire side plasterboard
layer (Pb1) had partially collapsed in the middle. When removing the specimen, the entire fire side
face layer plasterboard had collapsed, indicating the level of calcination. Although the fire side base
layer plasterboard (Pb2) had calcinated, it had sufficient stiffness to be in place and to provide
thermal resistance to the studs. Local buckling waves were observed in Studs 2 and 3 at mid-height
(Figure 7). However, the studs did not collapse which indicated that studs were in their post-local
buckling stage when the furnace was stopped.
4.1.2. Time–Temperature Curves
The average plasterboard surface time-temperature curves in Figure 6(a) show a distinct pattern in the
fire growth phase: gradual temperature rise, temperature plateau and a rapid temperature rise. The
average fire side Pb1-Pb2 surface temperature showed a rapid rise to about 100°C in 5 minutes. This is
followed by a plateau at about 100°C, during which the free water present in the plasterboard
evaporated. After 20 minutes the temperature started to increase rapidly to 840°C at 106 minutes.
Beyond 106 minutes it decreased with time and followed the decay time-temperature curve. Similar
pattern was also observed in the average Pb2-Cavity temperature curve, where an extended plateau
region was noticed between 15 and 60 minutes and then reached the maximum temperature of 480°C
after 139 minutes. The maximum Cavity-Pb3 temperature was 415°C while the Pb3-Pb4 temperature
was below 200°C. Also the average ambient side plasterboard (Pb4) temperature (72°C) was well
below the insulation failure temperature of 140°C.
Similar to plasterboard surface tempeature curves, stud time-temperature curves also had distinct
phases in the fire growth period: a plateau, gradual rise, an extended plateau with a very low rate of
temperature rise and finally a rapid temperature rise. The temperature curves were the highest for Studs
2 and 3 at mid-height, which are shown in Figure 6(b). In the first phase the temperatures were at
ambient temperature for 5 minutes. A gradual temperature rise was noticeable across the section until
18 minutes when the hot flange temperatures along the studs were nearly 75°C. The extended plateau
with gradual temperature rise time periods was different across the section, i.e, 50, 60 and 65 minutes
for hot flange, web and cold flange. From this point onwards the temperatures increased rapidly. 
Table 3 gives the summary of results for Specimen LSF1.
Stud 2
(b) Stud 2(a) Fire side (c) Stud 3
Local buckling
Stud 3
Figure 7. Test specimen LSF1 after the fire test.
4.2. Test Specimen LSF2 – Double Layers of Gypsum Plasterboard
4.2.1. Observations and Specimen Behaviour
Test Specimen LSF2 was subjected to a prolonged fire labelled as BFD2 (0.03)–Comp A (Figure 2). Figure
8(a) shows that the achieved average furnace temperature agreed well with the target fire curve. Fire test
was terminated after 139 minutes since the specimen could not support the applied axial compressive load
of 15 kN per stud (load ratio of 0.2). The wall specimen suffered a structural failure before insulation or
intergrity failure. The wall failure occured during the decay phase of the fire, indicating that it could also
occur in this phase (Figure 8(a)). Figures 8(a) to (d) show the measured time-temperature curves of
plasterboard and stud surfaces, and the lateral deflections of all four studs until failure.
Initially the wall was bending towards the furnace. All the studs followed a similar deflection curve
until 75 minutes, after which the lateral deflection of Stud 1 developed slower than other studs until
127 minutes. Beyond this, Studs 1 and 2 suddenly reversed their bending direction, and failed by
bending outwards at 139th minute (Figures 9(a) and (b)). As shown in Figures 9(c) and (d) the failure
mode of edge Stud 1 was a combination of major axis flexural buckling (moved away from the furnace)
and local buckling at mid-height while Stud 2 failed by local buckling of hot flanges at mid-height.
Studs 3 and 4 on the right side did not fail.
4.2.2. Time–Temperature Curves
The average plasterboard time-temperature curves across the specimen are shown in Figure 8(a). In the
early stages, the dehydration of plasterboards maintained the surface temperatures at approximately
100°C while the furnace temperature was well above 800°C. Similar to Specimen LSF1, the
plasterboard surface time-temperature curve had three distinct phases: gradual temperature rise,
constant temperature and rapid temperature rise. The temperatures along the stud height were seen to
be uniform until 45 minutes. Figures 8(b) and (c) show both the mid-height and average stud time-
temperature curves. In general, mid-height temperatures were higher than average temperatures,
particularly for the more critical stud (Stud 1). Since the maximum hot-flange temperatures govern the
failure of studs, only the mid-height stud time-temperature curves are given in the following sections.
Other curves can be found in [17]. Table 3 summarizes the results of Test LSF2.
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Table 3. Summary of tests LSF1 and LSF2 results
Test LSF1 Test LSF2
Failure - No failure until 180 mins Failure of Studs 1 and 2 at 139 mins (Stability)
Max Lateral Deflection - 20 mm at mid-height in Stud 2 26 mm at mid-height in Stud 2
Max Axial Deformation - 6 mm in Studs 3 Not available
Stud Max. Temp at Failure
a. Hot Flange - 497°C at mid-height of Stud 2 645°C at mid-height of Stud 2
b. Web (Centre) - 449°C at mid-height of Stud 2 597°C at mid-height of Stud 2
c. Cold Flange - 423°C at mid-height of Stud 2 560°C at mid-height of Stud 2
Avg Surface Temp (°C) Maximum At Failure Maximum At Failure
a. Fire Side Pb1 - 1033°C - 1081°C 1051°C
b. Pb1 - Pb2 - 844°C - 976°C 965°C
c. Pb2 - Cavity - 479°C - 571°C 571°C
d. Cavity - Pb3 - 415°C - 548°C 548°C
e. Pb3 - Pb4 - 187°C - 177°C 177°C
f. Ambient Side Pb4 - 72°C - 64°C 64°C
• Average furnace temperature • Partial collapse of Pb1 layer was 
nearly coincided with ISO 834 noticed on the left side of the 
fire curve. specimen near Studs 1 and 2.
Remarks                               - • Most of the fire side • Stud 1 failed by major axis flexural
plasterboard remained intact buckling at mid-height while Stud 2
with the specimen and no failed by local buckling of hot
precipitous plasterboard fall-off flanges at mid-height.
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Figure 8. Test LSF2 results.
(a) Outward deflection (b) Cracked ambient side plasterboards (c) Stud 1 (d) Stud 2
Figure 9. Fire performance and failure modes of studs in test LSF2.
4.3. Test Specimens LSF3 and LSF4 – Single Layer of Gypsum Plasterboard
Test Specimen LSF3 was subjected to a rapid fire labelled as EU1 (0.08)–Comp A. Figure 10(a) shows
that this rapid fire curve was not achieved, but the achieved fire curve was considerably higher and faster
than the standard curve, for example, the average furnace temperature was 1000°C in 17 mins. The wall
specimen suffered a structural failure after 28 minutes before insulation or intergrity failure. Visual
inspection after the fire test showed that the exposed plasterboard (Pb1) strip over Stud 1 had completely
dehydrated and partially fallen off during the test. This strip of plasterboard (150 ¥ 2400 mm) was fixed
only along one edge to Stud 1 whereas other plasterboard pieces were connected to at least two studs
(Figure 1(a)). Due to the fall-off of this plasterboard strip, part of Stud 1 lost its thermal barrier before
other studs and thus initiated the failure of the wall specimen. The presence of 150 mm wide cantilever
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plasterboard piece connected to Stud 1 with a vertical joint affected its behaviour and led to the failure
of Specimen LSF3. Local compressive failure and flexural-torsional buckling were seen at the top 1/3rd
portion of Stud 1 (Figure 11(a)). Local buckling waves were also observed in Stud 2 near the top support.
Figures 10(a) to (d) show the measured time-temperature curves of plasterboard and stud surfaces, and
the axial deformations and lateral deflections of all four studs until failure.
The single plasterboard lined specimen LSF4 was similar in wall configuration to Specimen LSF3
and was exposed to another rapid fire labeled BFD1 (0.08) Comp A. Figure 12(a) shows that this fire
curve was achieved for 20 minutes, but then there was a sudden drop in furnace temperatures. However,
the average furnace temperature curve was still about 200°C higher than the standard fire curve. The
wall specimen structurally failed after 39 minutes. Visual inspection of Specimen LSF4 showed that the
exposed plasterboard (Pb1) layer had completely calcinated and the 150 mm wide plasterboard strip
over Stud 1 had partially fallen-off during the fire test. Although the fire side plasterboard layer had
completely calcinated, parts of the plasterboard layer on the left side did not fall-off and thus continued
to provide thermal resistance to the studs. The presence of a 150 mm wide strip of plasterboard
connected to only one stud and the vertical plasterboard joint over Stud 1 initiated the failure at 39th
minute. Hence as for Specimen LSF3, Specimen LSF4 also showed a local compressive failure and
torsional buckling at the top 1/3rd portion of Stud 1. Torsional buckling occurred since studs pulled-out
from the ambient side plasterboard at failure. Local buckling waves were also visible in Studs 2 and 3
along the web in the top half. Figure 11(b) shows Specimen LSF4 after the fire test. Figures 12(a) to
Stud 1 Stud 2 Stud 3 Stud 4 
Stud 1Stud 2
 
Local buckling  
Stud 1
 
Stud 2
 
Stud 3
 
Stud 4
 
Stud 1
(a) Test specimen LSF3
(b) Test specimen LSF4
Figure 11. Test specimens LSF3 and LSF4 after the fire tests.
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Figure 12. Test LSF4 results. Continued over
(d) show the measured time-temperature curves of plasterboard and stud surfaces, and the lateral
deflections and axial deformations of all four studs until failure. Table 4 summarize the results of Tests
LSF3 and LSF4. The mid-height temperatures of the failed Stud 1 and the one next to it (Stud 2) are
given in Figures 10(b) and 12(b) for these tests. Other general test observations in Tests LSF3 and LSF4
are similar to those given for the first two tests.
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4.4. Test Specimens LSF5 and LSF6 – Externally Insulated Panel
Test Specimen LSF5 was exposed to a prolonged fire labeled as BFD2 (0.03)–Comp B. Figure 13(a)
shows that this fire curve was achieved reasobaly well. Test was terminated after 118 minutes since the
specimen could not sustain the applied axial compressive load of 30 kN per stud (load ratio of 0.4).
Visual inspection after the test showed that the face plasterboard layer had completely fallen-off, and a
partial fall-off of rock fibre insulation and base plasterboard layer were also seen on the left side of the
specimen (near Stud 1). The base plasterboard strip over Stud 1 had completely calcinated and fallen
off during the test, leaving Stud 1 to be directly exposed to high furnace temperatures. Calcination of
base plasterboard caused Stud 1 to pull-out from the base plasterboard. Hence Stud 1 failed by minor
axis buckling as no lateral restraints were available to prevent it (Figure 14). Figures 13(a) to (d) show
the measured time-temperature curves of plasterboard and stud surfaces, and the lateral deflections and
axial deformations of all four studs until failure. The mid-height temperatures of the failed Stud 1 and
the one next to it (Stud 2) are given in Figures 13(b).
Test Specimen LSF6 was exposed to a prolonged parametric fire curve labeled as EU2 (0.03)-Comp
B. Figure 15(a) shows that this fire curve was achieved reasonably well. Test was terminated after 120
minutes as the wall panel LSF6 was unable to support the applied axial compressive load of 30 kN per
stud. Visual inspection of LSF6 wall panel after the fire test showed that the exposed plasterboard (Pb1)
layer had completely dehydrated and collapsed. Also a partial fall-off of rock fibre insulation and base
layer plasterboard were seen between Studs 3 and 4. The base plasterboard layer on the left side (near
Stud 1) was partially calcinated, but had sufficient stiffness to be in place and to provide thermal
resistance to the frame. Also the central studs were seen to pull out from the ambient side plasterboard
layers, especially, screws along Stud 3 had pulled-out from the plasterboards. Studs 1 and 4 were in
fairly good condition with visible local buckling waves near the mid-height. Stud 2 showed significant
local buckling waves in the top half with distortion near the top support (Figure 14(b)). Stud 3 had bent
severely about its major axis (towards the furnace) while also showing local buckling waves at mid-
height. Figures 15(a) to (d) show the measured time-temperature curves of plasterboard and stud
surfaces, and the axial deformations and lateral deflections of all four studs until failure. The mid-height
temperatures of the failed Stud 3 and the one next to it (Stud 2) are given in Figure 15(b). Table 5
summarize the results of Tests LSF5 and LSF6.
Table 4. Summary of tests LSF3 and LSF4 results
Test LSF3 Test LSF4
Failure - Failure of Stud 1 at 28 mins Failure of Stud 1 at 39 mins
(Stability) (Stability)
Max Lateral Deflection - 28 mm at mid-height in Stud 1 31 mm at mid-height in Stud 1
Max Axial Deformation - 5 mm in Stud 2 7 mm in Stud 3
Stud Max. Temp at Failure
a. Hot Flange - 567°C at mid-height of Stud 1 630°C at mid-height of Stud 1 
b. Web (Centre) - 352°C at mid-height of Stud 1 345°C at mid-height of Stud 1 
c. Cold Flange - 286°C at mid-height of Stud 1 258°C at mid-height of Stud 1
Avg Surface Temp (°C) Maximum At Failure Maximum At Failure 
a. Fire Side Pb1 - 1118°C 1118°C 1119°C 1119°C
b. Pb1-Cavity - 412°C 412°C 442°C 442°C
c. Cavity-Pb2 - 294°C 294°C 339°C 339°C
d. Ambient Side Pb2 - 76°C 76°C 81°C 81°C
• A partial collapse of Pb1 was • A partial collapse of Pb1was
noticed on the left side of noticed on the left side of
specimen, near Stud 1. specimen, near Stud 1 as in to
Test LSF3.
Remarks                           - • Stud 1 failed & flexural- • Stud 1 failed by local
compressive failure & flexural- compsressive failure and
torsional buckling at the top. torsional buckling
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Figure 15. Test LSF6 results.
Table 5. Summary of tests LSF5 and LSF6 results
Test LSF5 Test LSF6
Failure - Failure of Stud 1 at 118 mins Failure of Studs 2 and 3 at 120 mins
(Stability) (Stability)
Max Lateral Deflection - 30 mm at mid-height of Stud 3 34 mm at mid-height of Stud 3
Max Axial Deformation - 7 mm in Studs 2 and 3 7 mm in Stud 3
Stud Max. Temp at Failure
a. Hot Flange - 452°C at mid-height of Stud 1 571°C at 1800 mm height of Stud 2
b. Web (Centre) - 278°C at mid-height of Stud 1 472°C at 1800 mm height of Stud 2
c. Cold Flange - 286°C at mid-height of Stud 1 431°C at 1800 mm height of Stud 2
Avg Surface Temp(°C) Maximum At Failure Maximum At Failure
a. Fire Side - 1112°C 1079°C 1145°C 901°C
b. Pb1-Ins - 1095°C 1079°C 1110°C 901°C
c. Pb2-Cavity - 953°C 953°C 870°C 809°C
d. Pb2-Cavity - 422°C 422°C 489°C 489°C
e. Cavity-Pb3 - 343°C 343°C 354°C 354°C
f. Pb3-?Ins - 114°C 114°C 202°C 202°C
g. Ins-Pb4 - 86°C 86°C 82°C 82°C
h. Ambient Side - 66°C 66°C 57°C 57°C
• Stud 2 showed local buckling 
waves in the top half with distortion 
near the top support.
Remarks - Failure of Stud 1 by minor-axis • Stud 3 bent severely about the 
buckling at 118 minutes major axis and also showed local 
buckling at mid-height.
5. DISCUSSIONS OF LSF WALL PANEL BEHAVIOUR UNDER STANDARD AND REALISTIC DESIGN
FIRES
In all the fire tests the structural failure of studs initiated the wall failure instead of insulation or integrity
failure, except for Specimen LSF1 that did not fail even after 180 minutes. Table 6 summarizes the average
surface temperatures across the test specimens and those of studs at failure from standard fire tests [8].
5.1. LSF Walls Lined with Double Gypsum Plasterboards
Test Specimens LSF1 and LSF2 were identical in wall configuration and the difference between them
was the type of fire curve. Specimen LSF1 was exposed to an Eurocode Parametric fire curve for 180
minutes and did not fail under any failure criterion. The failure time of 111 minutes in Gunalan et al.’s
[8] standard fire test indicates that this Eurocode parametric curve with the decay phase was less severe
than the standard fire test. Specimen LSF2 exposed to Barnett’s ‘BFD’ curve structurally failed at 139
minutes, i.e. longer than the standard fire test failure time of 111 minutes.
Figure 16(a) shows the average fire side surface temperature curves across Specimens LSF1 and
LSF2, and standard fire test specimen [8]. It is clearly evident that the fire curve had a significant
influence on the surface temperatures. For instance, as seen in Figure 16(a), Specimen LSF2 was
exposed to a lower temperature gradient fire curve than the other fire curves and the surface
temperatures followed the same with a time lag. As expected the time lag was due to the different rates
of temperature rise, where the low rate of temperature rise delayed the dehydration of exposed
plasterboard layer. After this Pb1-Pb2 and Pb2-Cav surface temperature gradients for Specimens LSF1
and LSF2, and standard fire test panel were almost equal with the time lag. After 90 minutes specimen
LSF2 surface temperatures exceeded those of other two panels as it was exposed to higher
temperatures. Therefore at failure (139 minutes) Specimen LSF2 Pb2-Cav and Cav-Pb3 temperatures
were 571 and 548°C, respectively, and standard fire test specimen temperatures were only 509 and
449°C at111 minutes, i.e. nearly 70 to 110°C less than those of Specimen LSF2.
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Table 6. Standard fire test results [8]
(a) Stud temperatures
Maximum Stud Temperatures (°C)
Wall Configuration Failure Time (mins) HF Web CF
Single layer of
plasterboard 53 685 ** 659
Double layers of
plasterboard 111 663 609 599
Externally insulated with
rock fibre insulation 134 556 472 432
Note:** Not Available; HF – Hot Flange; CF – Cold Flange
(b) Surface temperatures
Failure
Wall Time
Configuration (mins) Maximum Surface Temperatures (°C)
F-Pb1 Pb1- Cav- Amb-
Single layer 53 Cav Pb2 Pb2
of plasterboard 923 569 511 72
F-Pb1 Pb1- Pb2- Cav- Pb3- Amb-
Double layers 111 Pb2 Cav Pb3 Pb4 Pb4
of plasterboard 1057 926 509 449 93 69
Externally F-Pb1
insulated with 134 Pb1- Ins- Pb2- Cav- Pb3- Ins- Amb-
rock fibre Ins Pb2 Cav Pb3 Ins Pb4 Pb4
insulation 1076 1053 911 500 464 163 80 64
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Test Specimen LSF2 failed when the hot flange temperatures reached 645°C by flexural buckling
about the major axis in Studs 1 and 2 with some local buckling. Gunalan et al.’s [8] standard fire test
specimen failed by flexural buckling about the minor axis due to plasterboard fall-off. The plasterboard
fall-off is clearly noticeable with a rapid temperature rise in the stud hot and cold flange temperatures
near the failure (Figure 16(b)). Stud hot flange temperature increased by nearly 120°C (from 540 to
663°C) in less than a minute. Specimen LSF1 did not fail. As seen in Figure 16(b), LSF1 stud hot flange
temperature reached only 497°C at 140th minute during the decay phase. Also it gradually increased for
nearly 35 minutes even during the decay phase. Hence this implies that studs could fail during the decay
phase if they had reached the critical hot flange temperature. Also if the intended higher EU2
(0.03)–Comp A curve was achieved, the stud could have failed in the decay phase. Figures 16(a) and
(b) clearly demonstrate the relationship between the plasterboard and stud time-temperature curves and
the type of fire curve, and thus explain the differences in LSF wall panel behavior and failures when
exposed to the three types of fire curves shown in these figures.
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Figure 16. Time-temperature curves from tests LSF1 and LSF2, and standard fire test [8].
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5.2. LSF Walls Lined with Single Gypsum Plasterboard
Test Specimens LSF3 and LSF4 were identical in wall configuration, but were exposed to different fire
curves. These tests showed that the ability of fire side exposed plasterboard layer to remain intact had
a significant influence on the performance of single plasterboard lined wall panels. In both fire tests,
fall-off of the edge plasterboard strip led to both higher stud temperatures and loss of lateral support to
Stud 1. Hence Specimen LSF3 failed by flexural-torsional buckling while Specimen LSF4 failed by
torsional buckling.
Figures 17 (a) and (b) compare the average surface temperatures across the specimens and the stud
hot and cold flange temperatures for Tests LSF3 and LSF4 and the corresponding standard fire test [8].
In all three tests, a stud failure occurred due to a partial collapse of the edge plasterboard strip. This is
clearly shown by the rapid temperature rise in the stud hot flange temperatures in these tests. Further,
stud failure temperatures of specimens LSF3 and LSF4 under Eurocode and ‘BFD’ fire curves were
different (567 and 630°C). This is due to the plasterboard fall-off at different temperatures resulting in
a rapid temperature rise in the studs and causing them to fail earlier than expected. Therefore to better
understand the performance of LSF walls lined with single plasterboard layer and exposed to more
severe real fires, it was decided to repeat Test LSF3 but with the plasterboard joints on Studs 2 and 4
(right side), instead of Studs 1 and 3 (left side) (Figure 18(a)). Since failures were initiated by the fall-
off of 150 mm plasterboard strip connected to Stud 1, another fire test without this edge plasterboard
strip was also conducted. Here two vertical joints were used in the centre studs (Studs 2 and 3) facing
the furnace (Figure 18(b)). These two tests have been labeled as LSF3a and LSF3b.
Table 7. Summary of tests LSF3a and LSF3b results
Test LSF3a Test LSF3b
Failure - Failure of Stud 4 at 39 mins Failure of Studs 3 and 4 at 30 
(Stability) mins (Stability)
Max Lateral Deflection - 31 mm at mid-height in Stud 2 32 mm at mid-height in Stud 3
Max Axial Deformation - 10 mm in Stud 2 7 mm in Stud 3
Stud Max. Temp at Failure
a. Hot Flange - 557°C at mid-height of Stud 3 583°C at mid-height of Stud 4
b. Web (Centre) - 518°C at mid-height of Stud 3 Not Available
c. Cold Flange - 417°C at mid-height of Stud 3 470°C at mid-height of Stud 4
Avg Surface Temp (°C) Maximum At Failure Maximum At Failure
a. Fire Side Pb1 - 1131°C 1075°C 1104°C 1104°C
b. Pb1-Cavity - 575°C 575°C 527°C 527°C
c. Cavity-Pb2 - 497°C 497°C 389°C 389°C
d. Ambient Side Pb2 - 83°C 83°C 76°C 76°C
• At failure partial collapse of • A partial collapse of exposed
Pb1 layer was noticed on the plasterboard was noticed on the
right side of specimen, near right side of between Studs 3
Stud 4. and 4.
Remarks                           - • Stud 4 failed due to local • Stud 3 showed local
compressive failure at mid- compressive failure of the
height. Also at the mid-height entire cross-section near the mid-
of Stud 3 local buckling in the height and Stud 4 displayed
web of Stud 3 at mid-height. flexural-torsional buckling
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Figure 17. Time-temperature curves from tests LSF3 and LSF4, and standard fire test [8].
5.2.1. Test Specimens LSF3a and LSF3b
Specimens LSF3a and LSF3b were also exposed to Eurocode parametric fire curve labeled as
EU1(0.08)-Comp A and structurally failed after 39 and 30 minutes, respectively. In Specimen LSF3a, a
partial collapse of 150 mm edge plasterboard strip exposed Stud 4 to higher furnace temperatures
causing an early failure. Stud 4 failed by local compressive failure at mid-height while Studs 2 and 3
exhibited local buckling (Figure 19(a)). In Specimen LSF3b constructed without the edge strip the
vertical plasterboard joint over Stud 3 opened up and led to the plasterboard fall-off over Studs 3 and 4.
Stud 3 showed local compressive failure near the mid-height while Stud 4 displayed flexural-torsional
buckling as shown in Figure 19(b). Hence the loss of lateral restraints and exposure to high furnace
temperatures caused the studs to fail at different failure times. Figures 20 and 21 show the measured
time-temperature curves of plasterboard and stud surfaces, and the axial deformations and lateral
deflections of all four studs until failure for Tests LSF3a and LSF3b, respectively. In these two tests,
premature opening of vertical plasterboard joints along certain studs caused pull-out of thermocouples
away from the studs and thus inaccurate high temperatures were recorded for Stud 4 in Test LSF3a and
Stud 3 in Test LSF3b. Hence these stud temperatures were ignored.
In Tests LSF3a and LSF3 the stud connected to the edge plasterboard suffered a local compressive
failure after 39 and 28 minutes, respectively. This indicates that in Test LSF3a the failure was due to a
gradual temperature rise and not abruptly as in Test LSF3. In Tests LSF3, LSF3a and LSF3b
plasterboard fall-off occurred near the failure associated with a rapid temperature rise and the stud hot
flange temperatures of these specimens agreed well (567, 557 and 583°C) (Figure 22(b)). Gunalan et
al.’s [8] standard fire test also experienced a rapid temperature rise near the failure due to plasterboard
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Figure 18. Test wall configurations of LSF3a and LSF3b.
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Figure 19. Test specimens LSF3a and LSF3b after the fire test.
fall-off. Hence plasterboard fall-off is significant in single plasterboard lined walls as it will expose the
studs to very high temperatures while also losing their lateral restraints. This implies that if plasterboard
fall-off had not occurred in Tests LSF3, LSF3a, LSF3b and LSF4 the studs could have sustained the
applied compressive load for a few more minutes. Therefore further study is required to better
understand the plasterboard fall-off, i.e. whether it happened due to stud failure/deformations or simply
due to calcinations and softening of plasterboard. Finite element analyses can also be used by
considering both the recorded stud temperature curve and the stud temperature curve neglecting the
rapid temperature rise due to plasterboard fall- off.
5.3. LSF Walls Externally Insulated with Rock Fibre Insulation
Test Specimens LSF5 and LSF6 were identical in wall configuration, but were exposed to different fire
curves. As for Tests LSF3 and LSF4, visual inspection showed that the 150 mm strip of base layer
plasterboard over Stud 1 had fallen off near the failure. Due to this fall-off, the resulting sudden
exposure to high furnace temperatures and loss of lateral restraints caused Stud 1 to fail abruptly by
minor axis buckling at lower temperatures (452°C). The Pb2-Cav plasterboard temperatures were also
low compared to other tests (Tests LSF6 and Standard fire test [8]), indicating that if the plasterboard
was in place Specimen LSF5 could have sustained the applied load for a few more minutes (Tables 5
and 6(b)). Tests LSF5 and LSF6 failure stud hot flange temperatures were 452 and 571°C, respectively
(Table 5), and it was 556°C in the standard fire test [8] (Table 6(a)).
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Figure 20. Test LSF3a results. Continued
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Figure 21. Test LSF3b results.
5.4. Final Comments and Discussions
Based on the test results presented in this paper, the following comments can be made:
• Structural failure of studs initiated the wall failure instead of insulation or integrity failure in all
the fire tests.
• No significant differences were observed due to the use of different fire curves based on Eurocode
parametric [6] and Barnett’s ‘BFD’ [7] curves. In the initial stages of fire, stud temperatures
simply followed the shape of the fire time-temperature curve and after the calcination of gypsum
plasterboard, they increased rapidly and led to the failure of LSF wall panel.
• The presence of wall lining material significantly influenced the failure time of single
plasterboard lined walls as the plasterboard fall-off exposed the studs to higher furnace
temperatures and loss of lateral restraints.
• LSF wall panels suffered a structural failure when the studs reached appropriate critical hot flange
temperatures depending on the availability of lateral restraints.
• Test results showed that plasterboard fall-off was significant in LSF walls lined with single
plasterboard, where flexural-torsional and torsional buckling of studs was visible in Tests LSF3
and LSF4. Also in Test LSF5 minor axis buckling was observed, indicating the loss of lateral
restraints along the stud. In all other tests only a partial plasterboard fall-off was visible near the
failure and the stud failures were local compressive failures indicating the presence of lateral
restraints until the stud failed.
• Test specimens LSF2, LSF5 and LSF6 failed in the decay phase of the fire. Despite decreasing
furnace temperatures the stud temperatures were increasing for considerable time and failed when
they reached the critical hot flange temperature. Hence it can be concluded that LSF wall studs
could fail even during the decay period of a fire if the stud could reach its critical failure
temperature.
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Figure 22. Time-temperature curves from tests LSF3, LSF3a and LSF3b, and standard fire test [8].
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Figure 23. Time-temperature curves from tests LSF5 and LSF6, and standard fire test [8].
6. CONCLUSIONS
In this research eight full scale fire tests were conducted on three different LSF wall configurations
using Eurocode parametric [6] and Barnett’s ‘BFD’ [7] fire curves representing both rapid and
prolonged fire situations. Test wall configurations included single and double plasterboards lined wall
panels, and externally insulated LSF wall panels with rock fibre insulation. Although both fire time-
temperature curves were derived for the same parameters, Eurocode parametric curve had a faster
temperature rise and a linear decay phase whereas Barnett’s ‘BFD’ curve is closer to a natural fire
curve. This paper has described the details of this experimental study into the structural and thermal
performances of load bearing LSF wall panels under realistic design fires. Detailed structural and
thermal measurements and visual observations made during and after the fire test identified the main
factors influencing the fire behaviour of LSF wall panels as LSF wall configuration, lateral restraints,
stud hot flange temperature and load ratio. The recorded data of temperatures, axial deformation and
lateral deflection during the fire tests allowed the full evaluation of LSF wall panel behaviour with
respect to various fire scenarios and wall configurations. Results from these fire tests provided a better
understanding of the fire response of LSF wall panels under realistic design fire scenarios. This study
has shown that the plasterboard fall-off is significant for single plasterboard lined walls where the
plasterboard fall-off will expose the load bearing wall studs and thus reducing the fire resistance
ratings. Generally LSF wall studs failed when they reached the critical maximum hot flange
temperature. Hence it can be concluded that if similar conditions exist, ie. restraints and applied loads
are similar, LSF wall panel failure depends mainly on the maximum stud hot flange temperature.
Further, this paper has presented valuable experimental data that can be used in numerical studies to
further enhance the understanding of the behaviour of LSF wall panels exposed to various realistic
design fires.
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